The occupation sites of lanthanum and cobalt ions in the LaCo substituted M type ferrite Sr 1¹x La x Co x Fe 11.6¹x O 19 , where x = 0.20 to 0.35, were analyzed by the neutron diffraction, the extended X-ray absorption fine structure (EXAFS) and the X-ray magnetic circular dichroism (XMCD) in order to understand the relationship between the local structure and the improvements of magnetic characteristics in the LaCo substituted M-type ferrite. The results of EXAFS analysis suggest that Co is partitioned in the 4f 1 , 2a and 12k sites, which is in a good agreement with the results of the neutron diffraction analysis. XMCD measurements also indicate that the ferric ions at the tetrahedral site 4f 1 is replaced by elements of a smaller magnetic moment.
Introduction
The hexagonal Sr-M type ferrite 1),2) permanent magnet has been widely used in applications such as the motor for car electrical equipments and for home appliances such as air conditioners and refrigerators. Especially, high performance permanent magnets are demanded in the motor systems. Recently, the magnetic properties of ferrite magnet has been improved by substituting La and Co for Sr and Fe atoms, respectively, in the M type ferrite 3)4) to form SrLaCo M-type ferrite, Sr 1¹x La x Co x Fe 11.6¹x O 19 , to which we will refer as 'SLC-M' hereafter. The magnetocrystalline anisotropy of the SLC-M type ferrite is generally known to be high compared with Sr-M type ferrite (Sr-M) 3),5) although the crystal structure of SLC-M is the same as that of Sr-M (namely, the magnetoplumbite type). The improvement of magnetocrystalline anisotropy of SLC-M is due to changes in site occupancy by partial substitutions of cobalt and lanthanum ions in Sr-M. 5)9) Especially, the cobalt occupation site has been believed to give a great influence on the magnetocrystalline anisotropy.
In previous studies, 5)9) the occupation sites of cobalt ions in SLC-M have been analyzed with several techniques (Mössbauer, Raman spectroscopy, NMR and neutron diffraction) to understand the improvement of magnetocrystalline in relation with the cobalt site preferency, but each technique has defferent analysis result. Therefore, there still remain obscurities in the cobalt preferential site assignments.
The structural factors in the structural analysis for M-type ferrite are complicated, because the M-type compound has a complex structure with five sites that are occupied by ferric ions. Therefore, it is difficult to draw an unambiguous conclusion for assignment of site occupancy from analytical results using a single techunique. So, in this study, we investigated the local structure of SLC-M by engaging mutually complementary multiple techniques, namely, the neutron diffraction, the extended X-ray absorption fine strucutre (EXAFS) and the X-ray magnetic circular dichroism (XMCD), in order to secure the reliability of our conclusion. To investigate the partitioned site of constituent atoms in crystalline materials, X-ray diffraction is generally one of the most powerful tools. However, it is difficult to distinguish iron and cobalt by the X-ray scattering factors, because iron and cobalt have almost identical scattering factors. In contrast, the scattering factors of neutron are different for iron and cobalt. So, we can estimate the occupation sites of cobalt ions even in ferrite materials by neutron diffraction analysis. EXAFS is an elementselective spectroscopy. The local structural parameters such as atomic distance and coordination numbers surrounding a target element are determined by EXAFS analysis. XMCD measures the difference in the absorption coefficient (® c = ® + ¹ ® ¹ ) near X-ray absorption edges of the target element, with the helicity of the incident circulary polarized X-ray parallel (® + ) and antiparallel (® ¹ ) to the direction of sample magnetization. Since each X-ray absorption edge is associated with a particular element, the magnetic properties of each constituent even in a complex sample can be separately studied.
The purpose of this study is to clarify the site preferency of substituted atoms in order to understand the relationship between the local structure in the magnetoplumbite type and the improvements of magnetic characteristics.
Experimental procedure

Synthesis of samples
The samples were obtained by a conventional solid-state reaction process using SrCO 3 , La(OH) 3 19 , where x = 0.20 to 0.35, mixed with a ball mill in water, dried at 423 K for 24 h in air, and then calcined at 1523 K for 20 h in air.
Neutron diffraction analysis
The neutron powder diffraction measurements were performed on the High Resolution Powder Diffraction (HRPD) at JRR-3 in the Japan Atomic Energy Agency (JAEA), and operated using a Ge(331) monochromator with a collimation of 6¤40¤6¤ from the first to the third collimators at which room temperature and high temperature were respectively 300 K and 723 K. The neutron wavelength, diffraction angle range (2ª), and angle step ("2ª) were respectively 0.1823 nm, 2.5162.4°and 0.05°. The vanadium cylinders of 15 mm in diameter were used as sample holders. Figure 1 drawn by VESTA 10) shows the 1/2 unit cell of Sr-M (SrFe 12 O 19 , the space group: P6 3 /mmc). The five different sublattices for the ferric ions in the M-type ferrite are denoted using Wyckoff's notation as follows: 12k, 2a and 4f 2 (octahedral sites), 4f 1 (tetrahedral site) and 2b (bipyramidal site). And the six different sublattices for strontium ions and oxygen ions are present respectively as follows: 2d (Sr) site and 4e (O), 4f (O), 6h (O), 12k 1 (O) and 12k 2 (O). In this study, we estimated the local structure on the assumption that cobalt ions simultaneously occupy some of the five ferric ion sites. First, the neutron diffraction data were analyzed with Rietveld method 11) using the RIETAN-FP program 12) with presupposing as follows: the absolute values of magnetic moments of the same kind of ions were identical, the magnetic moments are completely fixed to be parallel to the c-axis of hexagonal axis. And then we chose a few candidatures from a group of structural models (about 900 models).
EXAFS and XMCD analysis
The EXAFS experiments were performed at the BL14B2 in the SPring-8 and at the BL9A in the Photon Factory (PF), at room temperature using a Si(311) monochrometer for the La K-edge EXAFS measurements and a Si(111) monochrometer for the Fe, Co, and Sr K-edge EXAFS measurements. The XMCD measurements for the Fe K-edge were performed at the BL16XU in the SPring-8. These X-ray absorption spectra were measured by the transmission mode using ionization chambers at room temperature. The electromagnet that generates a maximum magnetic field of 2 T was used for XMCD experiment. The powder samples were mixed with BN powder, pressed to suitable thickness (10 mm in diameter), and then were used as the samples for the Fe, Sr, and La K-edge EXAFS measurements. The sintered samples of 10 mm in diameter were used as the samples for the Co K-edge EXAFS measurements. The thickness of the sintered samples was adjusted by the lap grinding with the green carborundum (GC) abrasive grain.
We determined the occupation sites and the occupancy probabilities of cobalt ions by simulating the local structure of first and second coordination for each structure model that was derived by the Rietveld analysis, and EXAFS data curve fitting. We used the IFEFFIT program 13)16) for fitting the EXAFS data to FEFF 12) calculations. The fitting of the curves were performed in the radial (r)-space for the fitting region of 0.12 nm¯r¯0.37 nm under an assumption that the 2d sites were occupied by strontium ions or lanthanum ions. The R-factor which is an index for the reliability of the fitting result was 0.65% for a Sr K-edge, and 0.24% for a La K-edge fitting result. These R-factor were small enough to support the reliability of the fitting results. Additionally, "E 0 (E 0 : energy origin) was 0.1(20) eV, · 2 (· 2 : Debye waller factor) was 0.0144(2) nm 2 about Sr K-edge, "E 0 was ¹5(2) eV, · 2 was 0.012(7) nm 2 about La K-edge. Each EXAFS parameter showed the reasonable order. It was confirmed that there was a good agreement between experimental results and calculated results, and it was suggested that strontium ions and lanthanum ions are distributed in only the 2d site in Sr 0.8 La 0.2 Fe 11.4 Co 0.2 O 19 . The peaks around r ³ 0.2 nm in Figs. 2(a) and 2(b) are attributed to the first nearest neighbor SrO or LaO bonds (12-fold coordination), respectively, and the peaks around r ³ 0.30 nm are attributed to the first nearest neighbor SrFe or LaFe bonds (15-fold coordination). The estimated coordination numbers for the first nearest neighbor SrO and LaO bonds are 11.4(8) and 11.7(5) respectively, and the estimated coordination numbers for the first nearest neighbor SrFe and LaFe bonds are 14.3(9) and 14.6(6) respectively. We also confirmed from EXAFS analysis that strontium ions and lanthanum ions in other samples with different compositions also occupy only the 2d site. Table 1 . Two R-factors [R wp (weighted pattern R-factor), R e (expected R-factor)] and the S-parameter (R wp /R e ), which are indexes for the reliability of fitting results, 18) are also given there. We defined a site distribution ratio as the proportion of the number of cobalt ions distributed to each site to the total number of cobalt ions. We chose a few candidatures from a group of structural models, but we excluded models for which S-parameter was large or a site distribution ratio became negative. The possible seven models were suggested from the Rietveld analyses, but it was difficult to select one from the seven models, because S-parameters for those models were almost the same. Table 2 . In these results, the model No. 7 (2a, 4f 1 and 12k occupation model, the positional parameters and the atomic displacement parameters are summarized in Table 3 ) gave the smallest value for the R-factor, and "E 0 was ¹0.1(28) and · 2 was 0.004(3) for this model. Each parameter showed the reasonable order. This model agreed with the experimental data for both neutron diffraction and EXAFS as shown in Figs. 4 and 5. The results of the EXAFS analysis suggest that cobalt ions are partitioned in the 2a, 4f 1 and 12k sites, with the ratio of 1:2:2, which is in a good agreement with the results of the neutron diffraction analysis. Figure 6 shows the site distribution of cobalt in Sr 1¹x La x Co x Fe 11.6¹x O 19 (x = 0.20, 0.25, 0.30, 0.35) analyzed in the similar manner. The cobalt ions are distributed in these three sites despite of the cobalt concentration. When the cobalt concentration is 0.35, the cobalt population at the 4f 1 site is higher than those at other sites occupied by cobalt. Figure 7 shows the total magnetic moment of the magnetic atom in Sr 1¹x La x Co x Fe 11.6¹x O 19 (x = 0.20, 0.25, 0.30, 0.35) estimated from the results of EXAFS analysis assuming that the magnetic moment of Fe 3+ and Co 2+ are 5® B and 3® B , respectively, at 0 K. It was suggested that the magnetic moment of SLC-M is equal to or just smaller than Sr-M (x = 0.0). Morel et al. measured the saturation polarisation of SLC-M with an extraction magnetometer at 4.2 K, and they also indicated that no significant differences were observed for different Co concentrations.
The occupation site and site population of cobalt ions in SLC-M estimated from EXAFS analysis
9)
Fourier transform/a.u. Figure 8 shows the X-ray absorption near edge structure (XANES) spectra and the XMCD spectra at the Fe K-edge for Sr-M (SrFe 11.6 O 19 ) and SLC-M (Sr 0.7 La 0.3 Co 0.3 Fe 11.3 O 19 ). The inset in the Fig. 8 shows an enlarged figure for the photon energy from 7.10 to 7.12 keV. The ferric ions at the tetrahedral site (A site) of the spinel ferrite give a pre-edge peak around E ³ 7.11 keV in the XANES spectrum.
Validity of the structural model in this study
19) The pre-edge peak is observed in the XANES spectra at the Fe K-edge for Sr-M and SLC-M. The M type ferrite has a ferrimagnetic structure, that is, eight ferric ions with the up-spin at 2a, 2b, 12k and four ferric ions with the down-spin at 4f 1 , 4f 2 exist in a unit cell. The preedge peak originates from the ferric ions of the down spin at the tetrahedral site, 4f 1 . The intensity of the XMCD spectrum peak at the pre-edge peak is smaller for SLC-M than for Sr-M. This suggests that the contributions of the ferric ions in the down spin site to a magnetic moment decreases, suggesting that the ferric ions at the tetrahedral site 4f 1 is replaced by elements of a smaller or no magnetic moment. This result confirms the results obtained from the neutron diffraction and EXAFS analyses, which also suggested that the cobalt ions occupy tetrahedral 4f 1 site in the ferric ion sublattices of SLC-M.
The results of this study indicate that the one of cobalt occupation sites is the 4f 1 site. Previous researchers have proposed that the cobalt occupation sites in SLC-M are 4f 2 , 2a and 12k from Mössbauer spectrometry and Raman spectrometry. 5),6) However, we believe that our results are more accurate than the previous ones for the following reasons. Neutron diffraction technique can distinguish between ferric ions and cobalt ions in SLC-M. EXAFS and XMCD measurements are element-and site-selective structural analysis techniques. Those techniques are complementary to each other. When the results obtained using these techniques are consistent, we can be confident with the validity of the conclusion. Furthermore, other previous studies also have suggested a possibility of 4f 1 for the cobalt preferential site from 57 Fe and 59 Co NMR analysis 7), 8) and neutron diffraction, 9) namely, those results are consistent with our analysis results.
Evaluation of the magnetic interaction between neighboring sites occupied by ferric ions and cobalt ions remains for further study. Techniques such as neutron diffraction, XMCD and Mössbauer spectroscopy as well as the crystal structure analysis may be suitable for this purpose.
Conclusions
We investigated the site distribution of the constituent ions in SLC-M by neutron diffraction and EXAFS measurements. It was suggested that cobalt ions are partitioned in the 2a, 4f 1 and 12k sites in the ratio of 1:2:2. It is confirmed that cobalt ions in Sr 1¹x La x Co x Fe 11.6¹x O 19 (x = 0.20, 0.25, 0.30, 0.35) are split into these three sites despite of the cobalt concentration. When cobalt concentration is 0.35, site population of cobalt at the 4f 1 site is higher than those at other cobalt occupied sites. XMCD measurements also showed that the ferric ions at the tetrahedral 4f 1 site is replaced by elements of a smaller magnetic moment. ). After the background was removed, the XANES spectra were normalized with the edge jump energy (E ³ 7.128 keV). The inset shows an enlarged figure for the photon energy from 7.10 to 7.12 keV.
